Meltblown nonwovens have been produced as 2D web structures for a variety of end uses. Investigation into the development of 3D structures, has led to the integration of meltblown and robotic technology to form the Robotic Fiber Assembly and Control System. The effect of curvature of the collecting surface on the structural properties of the webs such as the diameter and orientation distributions of the fibers and the pore size distribution on the webs has been investigated. The relative frequency of fibers oriented in the machine direction increased significantly when the curvature of the collecting surface increased, while the average pore size of the web decreases due to the increased orientation of fibers in the direction of collection.
Introduction
Traditionally, meltblown nonwoven fiberwebs are produced as two-dimensional (2D) flat sheet structures having a thickness that is very small compared to the length and width of the web. For many of its applications three-dimensional (3D) structures have to be constructed from the flat sheet of the web. 3D web structures can be defined as shaped / molded structures having depth, that are formed by converting the planar 2D structures using different processes. The traditional 2D webs are packaged and transported by their producers to the converter who then has to form appropriate patterns from the web and produce the final 3D structure either by fusing and/or sewing the patterns together. Research in the area of nonwovens has concentrated in areas of specialized equipment for faster and larger machines, adaptation of the machines and processes to newer polymers / fibers. It has also focused on improvements in technologies for measuring and monitoring techniques for basis weight uniformity and developing knowledge base in the area of understanding the structure property relationships. A majority of the research is in the area of manufacture and use of 2D nonwoven sheet structures.
The initial experiments to produce 3D nonwoven structures have been reported by Miura and Hosokawa [9] . They produced nonwoven structures that were rich in resin with a high resin to fiber ratio (4:1). They used staple fibers to form the nonwoven web and converted them into 3D structures that were held together with a resin. Griesbach et al [5, 6 ] patented a technology to form a shaped nonwoven fabric comprising of the continuous spun bond filaments made by directly forming the spun bond filaments into a web in a single process. The spun bond filaments are bonded together with an adhesive polymeric component so that the shape of the fabric is retained. More recently Innovent Engineered Solutions have developed a meltblowing machine with a col-lection system that is capable of forming 3D pockets on the collection belts.
In order that the nonwoven web produced have uniform and/or desired properties all along the 3D structure precise control of the fiber placement on the collecting system is very essential. This can be achieved by the use of the meltblown technology to produce fine fibers. For the purposes of spraying the meltblown fibers onto a collecting surface (that can be 3D in nature) it is essential that the die on the extruder of meltblown system be mounted on a flexible robotic arm. Also, a similar flexibility for the collecting surface throws open a whole range of complex 3D structures that can be precisely produced with controllable structural and physical properties.
The usefulness of molded fabrics so obtained depends on the performance characteristics of the web structures. The desired performance characteristics are air/moisture permeability, moisture/fluid absorption (rate and capacity), filtration characteristics, etc. Each of these characteristics is influenced by the structure of the fibers in the web, fiber diameter and its distribution, pore size and its distribution, basisweight of the web, fiber/polymer properties, etc. For a given polymeric resin, the ability to alter the parameters of the meltblowing machine leads to the formation of webs of varying characteristics that can find applications in the fields of filtration, medical and surgical products and liquid absorption products.
In the formation of traditional meltblown webs the position and orientation of the die are fixed. Molten polymer is extruded through a series of orifices in a die. The orifices are surrounded by hot air that is traveling at high velocity. The laminar sheet of hot air attenuates the polymer stream, breaks it into fibers of varying length and carries it to a suitable forming surface. The forming surface is either a rotating drum or a moving belt. The arrangement of the fibers is due to the spiral flow of air, as it moves away from the die and the preferential movement of the collecting surface [11] . The randomness of fiber arrangement in the web is lost due to the preferential movement of the collecting surface. This causes the fibers to orient in the direction of the movement of the collecting surface (machine direction or MD). Since the meltblowing system uses an attenuating air system to draw and orient the fibers, the distance between the polymer delivering orifice and the collecting surface influences the fiber characteristics and the resultant web properties. The Robotic Fiber Assembly and Control System (RFACS) developed at North Carolina State University is a unique combination of the meltblown technology and robotic technology to produce 3D structures of nonwoven meltblown webs [2, 3] . The polymer is processed in the extruder and the molten polymer exits from the die placed on the end-effector of the robot. The fibers are collected on a suitable collecting device, placed on an additional external axis of the robotic assembly. The integration of the robot with the desktop meltblowing equipment is given in a previous publications [2, 3] . An understanding of the structural properties of fiberwebs and a control over the basis weight distribution of webs produced on a mold face using this system has already been developed [3] . The effect of the fiber stream approach angle on the orientation distribution of the fibers [1,2,4,13] and the influence of the process parameters on the pore size of the web structures has been reported [12, 13] . In addition to the usual factors that influence the structure of the meltblown web, 3D structures are influenced by the curvature of the collecting surface.
Curvature is defined as the rate of change of direction of the tangent line at the point of consideration. The curvature of a small arc, which can be approximated as a part of a circle, is measured to be the reciprocal of the radius of the circle. The curvature of the collecting surface is known to vary from zero, in the case of a plane collecting surface, to higher values when the collecting surface is not a plane. The impact of the fibers on the collecting surface will influence the structural orientation of the fibers. The orientation of the fibers will in turn affect the pore size of the web. The basis weight uniformity of the fiberweb will vary for different curvatures of the collecting surface. Understanding the effects of the curvature of the collecting surface on the properties of the web would allow for the development of the desired 3D shapes with controlled properties. With this background, the objective of this research is to investigate the influence of the curvature of the collecting surface on the structural properties of meltblown fiberwebs.
Figure 1 A CONICAL MOLD WITH AN ELLIPTICAL PATH ALONG WHICH THE FIBERS WERE LAID
NOMENCLATURE AND ABBREVIATION DEFINITIONS 2D web: two -dimensional planar web 3D web: 2D web shaped into a shaped / molded structure ODF: Orientation Distribution Function DCD: Die to Collector Distance RFACS: Robotic Fiber Assembly and Collection System x, y, z axes: axes in three dimensional space a: length of semi-major axis of an ellipse b: length of semi-minor axis of an ellipse r: radius d: distance between two points p(x,y,z): Cartesian co-ordinates of a point p
Modifications To RFACS
In addition to the mold of the torso (see Figure 2 Ref [3] ), a new conical mold was designed to precisely control the curvature of the collecting surface (Figure 1) . A control algorithm of the RFCAS was developed such that the movement of the die could be precisely controlled so as to place the fibers on the specified location of the mold at known curvature ( Figure  2 ). The conical mold was constructed such that the central axis of the mold would be mounted on the seventh axis of the RFACS. The curvature of the conical mold would remain constant throughout any single horizontal plane. During the investigation of the effects of variation in the curvature of the collecting surface, the end-effector of RFACS is moved continuously such that the variation in the curvature is a continuous function of the position of the web on the collecting surface. To obtain a uniform basis weight of the web on the collecting surface we kept the die-to-collector distance (DCD) constant at all heights on the mold. Additionally, the speed of seventh axis was altered such that the surface speed of the collector at the point of impact of the fibers on the collecting mold was maintained constant.
The algorithms and programs that were investigated in the current research were developed based on triangulation theory. There was precise control over the position of the die and the collecting surface. Figure 2 describes the movement of the die relative to the position of the mold with a constant DCD.
Assuming that the mold is symmetrical vertically, the crosssection of a mold (mannequin) is elliptical at any point below the arms of the torso. The cross-section shows that the mold has different curvatures at different points along its path. The effect of curvatures on the structure of the web formed on it can be more clearly understood with the aid of schematics shown in Figure 3 .
In Figure 3 , the basis weight uniformity will decrease for the webs formed on the collecting surfaces left to right. The fiber orientation will also change from completely random structures to directionally oriented structures as we move from left to right. These hypotheses do not include the effect of the die to collector distance and the attenuating air pressure.
The curvature of different sections on a conical mold or cross section of a torso parallel to the XY (horizontal) plane can be determined by considering the section along the path of travel of the die as that of an ellipse. Assuming that the cone or the mold are symmetrical along the central z axis, if a and b are the semimajor and semi-minor axes of the ellipse in a plane, the equation of the ellipse is given by
In the case of the cross section of the mold the lengths a and b can be determined by measuring the depth and width of the mold at that particular point. In the case of a plane in the cone at an angle θ, to the base of the cone, length a is given by where r 2 is the radius of the cone base. Length b is equal to the radius of the circle on the cone at the point where the elliptic center intersects with the axis of the cone. The distance between the center of the ellipse and the point under consideration is the radius of the curve at that point and its reciprocal is the curvature at that point. If the dimensions of the cone or the mold cannot be determined by regular measurement, the coordinates of the center and the point under at which the curvature has to be considered can be determined by triangulation, explained in detail in the succeeding sections.
Analytical Mesurement Of Curvature
Assuming that there is axial symmetry on the mold, along the z-axis in the xz-plane, a curve in 3D space can be analyzed as a curve in a 2D plane. Analytically, the curvature can be determined if the co-ordinates of three points on the curve, in 2D space, are known. In the case of a curve in 3D space the coordinates of four points are required. The distance between two points in 3D space is known to abide by the following relationship:
The distance between the center of the circle and a point on the curve is the radius of the curve and is a constant for an arc that is a part of the circle.
For a given set of four co-ordinates (p 1 -p 4 ), which lie on the arc of a curve in 3D space, the equation and hence the curvature of the arc passing through those four co-ordinates can be determined. The simultaneous equations that are formed are:
Solution of these simultaneous equations yields the unique co-ordinates (x c , y c , z c ) of the center of the arc and hence the radius and curvature of this arc can be determined. The coordinates of the different points on the mold can be determined with reference to a universal coordinate system using the position of the end effector of RFAC system as discussed by Farer et al [3] .
Materials and Methods
Polypropylene (PP) meltblown samples were produced using PP resin with a nominal melt-flow-rate (MFR) of 1200 (IV = 0.8), on the Robotic Fiber Assembly and Control Systems (RFACS). Fabrics for evaluation were formed directly onto the conical mold described earlier. The die (which is 7.62 cm wide with total of 90 holes in a single row) attached to the end effector of the robot made one to and fro motion to form the web structure on the conical mold. The meltblowing equipment specifications used are previously reported [4] .
The process parameters that were used to produce the fabrics are given below. All of the image analysis work that is reported in this research was conducted using image analysis software developed by Nonwovens Cooperative Research Center [7] . The orientation distribution of the webs formed determined on the images of the web captured at a magnification of unity. This gives the global ODF of the fibers in the web, rather than the local orientation that will be obtained at higher magnification. The image that is thus captured is then analyzed using Fast Fourier Transform to determine the distribution of fibers in various orientation angles as described elsewhere [10] . The anisotropy parameter gives a one-dimensional interpretation of the ODF from the frequency distribution of the ODF. The equations and description of determining the anisotropy parameter has been discussed by Kim et al [7] .
The diameter of the fibers was measured on SEM images of the webs obtained at 500X. The SEM images were obtained on a Hitachi ESEM S3200 in the environmental mode. Multiple samples of the images were obtained and each image of the web contained at least 20 fibers. The diameters were measured using the manual measurement option in the image analysis software. The manual scale in the software was calibrated using the scale on the SEM image. A straight line across the image was drawn randomly and the diameters of all fibers, which intersected the straight line, were measured. Values obtained from multiple images of the same web were combined and grouped in two-micrometer ranges.
The test sample used to determine the pore size was about 5 cm in diameter, but the effective size of the sample that was subjected to the airflow was 1.25 cm in diameter. The sample was saturated with Porewick‚, a fluorocarbon solution with a surface tension of 16 dynes/cm. The saturated sample was loaded into the test chamber and subjected to an increasing airflow through the sample (detailed description in reference 12). As the airflow was increased through the sample the solution was expelled from the pores. The samples were initially tested to determine the maximum air pressure needed to expel all the solution from the pores. The maximum pressure needed was determined to be less than 0.7 bar and hence the maximum on the system was set to 0.7 bar. The pore size measurements were performed on five different samples that were randomly cut from each fiberweb produced.
Results and Discussions
The ODF and the anisotropy parameter of the webs formed at different curvatures on the mold are given in Figure 4 and Figure 5 respectively. For a given rotational speed of the collector, as the curvature of the collecting surface decreases, the surface speed of the collecting surface increases. This, in an ideal condition, would lead to the preferential orientation of the fibers in the direction of the tangential direction of the rotating surface. To overcome the issue of change in surface speed along the curvature of the collecting surface, the RFACS was programmed such that the relative surface speed of the mold would be close to constant. At constant surface speed the basis weight of the web does not vary significantly (Table 1) .
Hence, the variation in the fiber arrangement is significantly due to the curvature of the collecting surface. As the curvature increases some of the fibers will travel a longer distance to reach the collecting surface (Figure 3) . The fibers at high curvatures travel along the longer path parallel to the tangent of the curve. The attenuating force on the fiber at this point is the drag and elongation forces exerted on them as they travel along a path parallel to the tangent on the collector surface [8, 14] . As the path for travel is longer when the curvature increases (Figure 3) , the fiber experiences the drag force for a longer duration leading to the formation of finer fibers. These fibers will be further forced to orient themselves in the direction of the velocity vector at the point on the curve. This leads to more fibers orienting in the direction of rotation of the curve leading to greater anisotropy in the web as the curvature increases. The curvature of the collecting surface for the web has a significant influence on the frequency distribution of the fibers in the web. At high curvatures the anisotropy parameter of the web develops a plateau ( Figure 5 ). It indicates that within the experimental range, further increase in the curvature will not increase the preferential orientation of the fibers in the machine direction of the web. A statistical analysis of the data indicates that the ODF of the web is also influenced by the orientation angle under consideration (F-value of 485.81 at Pr. > F = 0). It implies that there is an interaction between the orientation angle and the curvature of the collecting surface on the % frequency of fibers in a particular orientation.
The average pore size and the average fiber diameter of the web are given in Figure 6 . As the curvature of the collecting surface increases, the average pore size of the web decreases and the fiber diameter decreases. A decrease in the fiber diameter decreases the pore size of the web [7, 12] . An increase in the curvature increases the orientation of the fibers in the machine direction (along the velocity vector) of the collecting surface. As more fibers are parallelized, the fiber cover increases due to less fiber overlapping. This reduces the effective pore diameter. The cumulative frequency (Figure 7 ) of the distribution of pore sizes has a wider range at low curvatures, (more random fiber arrangement) while at high curvatures the distribution range is narrower. SEM images of the webs produced at 1.95 m -1 and 10 m -1 curvature are shown in Figures 8 and 9 . It is obvious from the images that webs produced at higher curvatures have smaller pore size. The Chi-square test conducted on the pore and fiber diameter distributions are summarized in Table 2 . The analyses imply that the pore diameter distributions and fiber diameter distributions for the various webs tested are significantly different from each other, and that the fiber diameter and pore diameter are significantly affected by the curvature of the collecting surface.
Conclusions
An increase in the curvature of the collecting surface affects the fiber alignment in the web significantly. An increase in the curvature causes the fibers in the web to be more oriented in the machine direction due to increase in the force acting on the fibers at the point of contact. Further, an increase in the curvature leads to the formation of finer fibers. The increase in the drag force on the fibers causes the attenuation of the fibers. A larger percentage of the fibers in the web have smaller diameters as the curvature of the collecting surface increases. As the curvature increases, the formation of finer pores in the web is the combined effect of finer fibers that are highly oriented in the machine direction. The distribution of the pores in the web gets broader as the curvature of the collecting surface decreases. An understanding of the effects of the curvature of the collecting surface on the structure of the web can be utilized to design the structure of the web to meet the requirements of specific end uses. The basis weight uniformity of the web on the 3D structure can be controlled by maintaining a uniform surface speed on the collecting surface. The structure of the web thus formed can be altered by changing the various process parameters to produce the specific web structure so desired. 
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